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Abstract

In this study, zirconium nitride (ZrN) powders were prepared using zirconium oxide (ZrO2) and carbon black
via the dynamic thermochemical method, called the dynamic carbothermal reduction and nitridation (DCRN)
method. The effects of process temperatures on phase transformation and produced powder morphologies in a
dynamic system under flowing nitrogen atmosphere were investigated by X-ray diffraction, scanning electron
microscopy and energy dispersive spectroscopy. For this purpose, the various test parameters were investi-
gated, such as reaction temperatures (1400, 1450, 1500 °C), reaction time (1, 2, 3 h) and rotation rates (2, 4,
6 rpm). The results show that ZrN powders of sub-micron size can be obtained at 1500 °C for 1 h and 4 rpm by
the dynamic thermochemical method.
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I. Introduction

Metal nitrides, a form of non-oxide ceramics, are
technologically important engineering materials with
good thermal, optical, electrical and mechanical prop-
erties. The most popular nitride ceramics include tita-
nium nitride (TiN), zirconium nitride (ZrN), boron ni-
tride (BN) and aluminium nitride (AlN) [1]. Coatings
based on zirconium, titanium and chromium nitrides
have been used as protective coatings against corro-
sion and wear because they have low friction coefficient,
high chemical stability and high melting point [2]. Zir-
conium nitride is a synthetic material that is not found
in nature, but has a strong bond formed by combining
Zr with N. Zirconium nitride structure has high cova-
lent bond characteristics and a NaCl-type cubic crystal
structure with a lattice parameter of a= 0.4586 nm [3,4].
Zirconium nitride is a promising ultra-high-temperature
ceramic material owing to its high mechanical strength,
electrical conductivity and chemical stability [5]. It is
a technologically important refractory material due to
many excellent properties such as high melting point
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(≥ 2980 °C), high hardness (2800 HV), high chemical
resistance and corrosion resistance, good electrical con-
ductivity (∼ 200×104

Ω
−1
·m−1), excellent thermal prop-

erties, non-toxicity and golden colour [6,7]. Because
of these features, ZrN is generally used in medical de-
vices, industrial parts (especially drills), automotive and
aerospace components and areas requiring high wear
and corrosion resistance. ZrN has also been recom-
mended as a primer for rockets and airplanes [8–10].

ZrN powders are usually prepared by various meth-
ods such as direct nitriding of zirconium, reaction of
zirconium tetrachloride and ammonia [11], reduction-
nitridation process [4,6,12], microwave plasma syn-
thesis [1], mechanical alloying [13], benzene thermal
method [14] and self-propagating high-temperature syn-
thesis [15]. Direct nitriding is process in which zirco-
nium metal particles are exposed to nitrogen or ammo-
nia atmosphere at about 1200 °C [3]. Mechanical alloy-
ing is method for producing desirable powders in a long
time with continuous plastic deformation, fracture and
cold welding processes in an inert atmosphere [13]. Car-
bothermal reduction and nitriding is a thermochemical
method that uses oxide-based raw materials and car-
bon as reductant in a nitrogen atmosphere for short pe-
riods at high temperatures. With this method, different
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powders, such as Si3N4 [16], Sialon [17, 18], AlN [19]
and NbB2-NbC [20], were produced. The reaction of
ZrN production by carbothermal reduction and nitriding
method is given below:

ZrO2 + 2 C +
1
2

N2 −−−→ ZrN + 2 CO (1)

The conversion of ZrO2 to ZrN by reduction and
nitriding method starts at temperature between 1200
and 1700 °C [4,6,12,21]. Yin et al. [4] investigated be-
haviour of powder mixture prepared with ZrO2, Al
and CaCO3 at different reaction temperatures (1400–
1700 °C) by the reduction and nitriding method. It was
reported that amount of the formed ZrN increases with
increasing temperature and then this value decreases. Li
et al. [21] synthesized ZrN fibres by a high tempera-
ture carbothermal reduction and nitridation process with
ZrCl2 · 8 H2O and (C6H9NO)n as a raw material mixture
at 1600 °C for 5 h in a nitrogen atmosphere.

The aim of this study is to produce high purity
ZrN particles from ZrO2 powder at temperature lower
than 1600–1700 °C and short processing time by the
dynamic carbothermal reduction-nitridation (DCRN)
method as a simple and economical method. In this dy-
namic thermochemical method, which is a modification
of the carbothermal reduction method, the powders are
rotated inside a reactor during the reaction, thereby pro-
viding a reduction of the reaction time or temperature
with the rotation of the powder. In this study, the param-
eters of ZrN powder production were investigated by the
dynamic thermochemical method and the optimum con-
ditions were determined.

II. Experimental

ZrO2 powder (Sigma-Aldrich, 99%), carbon black
(Körfez Petrokimya, 99.9%) and N2 gas (ARTOK,
99.9%) were used as the reactants. ZrN synthesis from
ZrO2 and C by the dynamic thermochemical (DCRN)
method was performed by the reaction described with
Eq. 1. The powder mixture was prepared by mixing
ZrO2 with appropriate amount of carbon black (C : ZrO2
= 2 : 1). Since the aim was to achieve complete conver-

sion without any residual carbon in the structure, car-
bon was added in the stoichiometric ratio. The dry pow-
der mixture was prepared in a polypropylene container
with the zirconia balls. Granulation was carried out in
a container with the help of a binder (5 vol.% glycerol-
alcohol solution) and the resulting granules were sieved
through 1–3 mm mash. The granulation process was car-
ried out to keep the powders together and to prevent
powder loss from the reactor.

The prepared granules were put into a graphite reac-
tor in an atmosphere-controlled horizontal-type rotary
furnace capable of heating the material up to 1600 °C
for the dynamic thermochemical method. The powder
mixture was charged into a cylindrical reactor made of
graphite with holes on both ends for as to allow gas flow.
For the DCRN process, a high temperature horizontal-
type atmosphere-controlled furnace (Protherm, max.
1600 °C) was used using a 60 mm outer diameter RCA
alumina tube. The furnace was modified so that alumina
tube was rotated with the help of a 3 V DC servo motor
and gear system. The synthesis was carried out at differ-
ent reaction temperatures, different reaction times and
different reactor rotation speeds (2–6 rpm) while vary-
ing the flow rates of nitrogen gas. The schematic rep-
resentation of the dynamic thermochemical process is
given in Fig. 1. The N2 flow rate of 60 l/h was estab-
lished after the furnace reached 1000 °C. After the com-
pleted heating process, the furnace was cool down from
maximal to room temperature. When the temperature
reached 1000 °C, the N2 gas flow was reduced to 3 l/h
and held at this level down to room temperature. In ad-
dition, the rotation of the furnace tube was stopped at
1000 °C to prevent wear on the graphite reactor. The
resulting product (granules) was lightly ground in the
agate mortar. Then, the powdered products were char-
acterized by various methods.

Microstructure, size and morphology of the synthe-
sized ZrN powders were characterized by scanning elec-
tron microscopy (SEM, JEOL 6060 LV). Energy dis-
persion spectroscopy (EDS) was used for the elemental
analysis. The formed phases were determined by X-ray
diffraction (XRD) analysis (Rigaku Ultima). The syn-
thesized powders were analysed using field emission

Figure 1. Schematic diagram of experimental process
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scanning electron microscope (FESEM). Thermogravi-
metric analysis (TG) and differential thermal analysis
(DTA) were performed on a thermoanalyzer (TA Instru-
ments SDT Q600) in N2 atmosphere with a heating rate
of 5 °C/min. Also, FactSage 7.0 software was used for
determination of process parameters.

III. Results and discussion

In this study, the conversion of ZrO2 powder, which
was used as a starting material to produce ZrN advanced
technological ceramics by the dynamic thermochemical
method, was investigated. XRD and SEM analyses were
applied to raw materials and the results are presented
in Fig. 2. According to XRD analysis of the ZrO2 raw
material, all of the peaks belong to Baddeleyite phase
with card number 01-074-1200. It can be also seen from
SEM image (Fig. 2) that the zirconia powder has very
small particle size.

Figure 2. XRD and SEM analysis of ZrO2 powder

Figure 3. DTA and TG curves of ZrO2 + C powder mixture

Thermogravimetric analysis (TG) and differential
thermal analysis (DTA) of the ZrO2 + C mixture was
performed before the DCRN process. The analysis was
carried out under N2-atmosphere to determine the on-
set temperature for the reduction reaction (Fig. 3). Ac-

cordingly, the beginning of weight loss in the TG curve
and subsequent endothermic peak in DTA analysis at
around 920 °C indicate that the reduction process starts
at about 850 °C. Here, the exothermic peak indicating
the nitriding reaction expected to occur at higher tem-
perature could not be seen.

Figure 4. Composition-temperature graph for 1 mol ZrO2 +

2 mol C and 1 mol N2 at 1 atm pressure

Analysis of possible and desired synthesis reaction
of ZrN from ZrO2 performed by the FactSage software
is shown in Fig. 4. According to the graph, it can be
observed that the formation of ZrN starts at approxi-
mately 1100 °C. At the same time, the amount of ZrO2
starts to decrease at this temperature and the amount of
C in the system decreases during the reaction. The com-
plete transformation of ZrO2 and formation of ZrN hap-
pen at approximately 1750 °C. The DTA-TG analysis
(Fig. 3) indicates the beginning of reduction reaction,
but the nitriding temperature could not be determined.
Thus, thanks to FactSage software (Fig. 4), the approx-
imate nitriding temperature range (1100–1750°C) was
determined. Therefore, the amount of N2 gas in the reac-
tor was increased when the furnace temperature reached
1000 °C during the DCRN process.

The granules obtained from the ZrO2 + C mixture
powders before and after the reaction are shown in Fig.
5. As it can be seen, the black granules before the reac-
tion turned into the coloured granules of ZrN (brown)
after the reaction. However, there is no great change in
the shape and dimensions of the granules during the pro-

Figure 5. Images of the granules: a) before (ZrO2 + C) and
b) after (ZrN) the process
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Figure 6. XRD patterns of obtained powders by the DCRN
process at different temperatures for 1 h

Figure 7. XRD patterns of obtained powders by the DCRN
process at 1450 °C for different times

cess. After production, the granules were lightly ground
in the agate mortar and a powder product was obtained.

Figure 6 shows XRD patterns of the ZrN powders
prepared by dynamic thermochemical process at differ-
ent temperatures for 1 h and at a constant rotation rate
(4 rpm) and the commercial ZrN. In this study, ZrN con-
version started at 1400 °C. Considering the DTA-TG
analyses, FactSage software results, our similar pow-
der (TiN, Si3N4) production studies and literature data
[22,23], this temperature was determined as the initial
temperature. As it can be seen from XRD analyses,
the amount of ZrO2 decreased with increasing temper-
ature. Therefore, the increase in temperature positively
affected the production of ZrN as the amount of uncon-
verted oxide is the lowest and the ZrN peak intensities
are the highest at 1500 °C. Also, it could be noted that
this result is similar to that for the commercial product
(Sigma ZrN). It has also been observed that higher tem-
peratures are not required since the commercial powder-
like product with dynamic thermochemical process can
be obtained at 1500 °C. Thus, the ZrN powder was ob-
tained at lower temperature compared to both the litera-
ture and the FactSage software simulation.

XRD patterns of the powders synthesized by the dy-
namic thermochemical process for different times (1,
2 and 3 h) at 1450 °C and at a constant rotation rate
(4 rpm) are given in Fig. 7. Here, the aim was to examine
the possibility to produce ZrN powder at lower tempera-
ture by using a long time. According to the XRD analy-
sis, the increase in time caused a decrease in the uncon-
verted ZrO2 phase. Thus, it was confirmed that the pro-
cessing time is a very effective parameter which enables
ZrN production at temperature as low as 1450 °C. How-
ever, since it would be advantageous to produce powder
with small particle size, a short time at 1500 °C was se-
lected as optimal processing condition.

XRD patterns of the powders synthesized by the dy-
namic thermochemical process at 1500 °C for 1 h and
different rotation rates (2, 4 and 6 rpm) were shown in
Fig. 8. It can be seen that more unconverted oxide phase
was observed at 2 rpm and its amount decreases with in-
creasing rotation speed. This is because the increase in
rotation speed of the tube caused the granules to come
into more contact with N2 gas and the nitriding process
was easier. According to the XRD results, the powders
obtained with rotation rates of 4 and 6 rpm are similar,
confirming that the optimal rotation rate is 4 rpm.

Figure 8. XRD patterns of obtained powders by the DCRN
process using different rotation rates at 1500 °C for 1 h

SEM images of the powders synthesized by the dy-
namic thermochemical process at different temperatures
(1400, 1450 and 1500 °C) for 1 h and the commercial
ZrN powder are given in Fig. 9. The microstructures are
characterised with sub-micron grain size and a regular
morphology. In addition, the grain growth was observed
with increasing temperature as expected. It is also seen
that the powder produced at 1500 °C, which is the best
one according to XRD analysis (Fig. 6), has a very fine
grain size (Fig. 9c). It is even finer and a more homoge-
neous compared to the commercial ZrN (Fig. 9d). It has
been reported in the literature that ZrN powders with
different shapes, such as sub-micron ZrN powders with
spherical [4] or fibre-structured ZrN powder [23], can
be obtained by using reduction and nitriding method.
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Figure 9. SEM images of obtained powders by the DCRN process at different temperatures for 1 h:
a) 1400 °C, b) 1450 °C, c) 1500 °C and d) Sigma ZrN

In this study, the ZrN powder with very small size and
close to spherical morphology was obtained economi-
cally and in a very short time.

The SEM micrographs of the powders synthesized by
the dynamic thermochemical process at 1450 °C for dif-
ferent reaction times (1, 2 and 3 h) are shown in Fig.
10. In general, the produced powders have a sub-micron
grain size and a homogeneous structure. As shown, the
increase in reaction time did not cause grain growth;
this can be considered to be a great advantage for the
dynamic thermochemical process. During the process,
grain growth did not occur due to the rotational move-
ment of the granules inside the graphite reactor at con-
stant temperature (1450 °C). It is also seen that the grain
size is much smaller than for the commercial ZrN (Fig.
9d) despite the increasing time (3 h).

FESEM images (Fig. 11) are used to examine the ef-
fect of rotation rates on the powder microstructure. Ac-
cording to the XRD analysis (Fig. 8) the amount of ox-

ide in the powder produced at a rotation rate of 2 rpm
is higher than in other samples. It can be seen (Fig.
11) that the powder produced at a rotation rate of 6 rpm
has a slightly smaller grain size. In addition, SEM im-
age of the powder produced by the CRN method (static
system) is given in Fig. 11a, confirming that the parti-
cle size of the particles produced without the rotational
movement (0 rpm) have irregular shape and are much
larger than that produced by the dynamic system.

The kinetic effect of the granules during the process
enabled nucleation to occur more rapidly than expected.
In this case, the occurrence of faster reaction ensures
that the conversion is completed at low temperature and
the particle size is quite small. Considering these images
with XRD analysis, the product produced at a rotation
rate of 4 rpm at 1500 °C for 1 h by the dynamic thermo-
chemical process gives the best results. It is seen that
this microstructure (rotation rate of 4 rpm) has a sub-
micron size and moreover it has a grain size of 100–

Figure 10. SEM images of obtained powders by the DCRN process at 1450 °C for different times: a) 1 h, b) 2 h and c) 3 h
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Figure 11. FESEM and SEM images of obtained powders by the DCRN process using different rotation rates at 1500 °C
for 1 h: a) 0, b) 2, c) 4 and d) 6 rpm

400 nm. It can also be said that the microstructure is ho-
mogeneous, equiaxed and the grain morphology is sim-
ilar. Thus, within the parameters tested, the conditions
(1500 °C - 1 h - 4 rpm) in which ZrN can be synthesized
with the desired properties at low temperature and in
short time were determined as optimum.

The EDS analysis of ZrN powder produced by the
dynamic thermochemical process at 1500 °C for 1 h in
4 rpm rotation rate is given in Fig. 12. According to the
results of this analysis, zirconium, nitrogen and oxygen
elements were determined. The powder produced by the
dynamic thermochemical process has 1.8% oxygen by
weight, while the commercial ZrN has 3% oxygen as
per EDS analysis. Therefore, the lower oxygen content
of the powder produced by the DCRN process can be
considered to be an advantage. As the result of experi-
mental studies, powder production at lower temperature

Figure 12. EDS analysis of the obtained powder by the
DCRN process at 1500 °C for 1 h and 4 rpm

or time was achieved due to the rotational movement
of the tube. This effect also occurred during the pro-
duction of similar powders (TiN powder) by the same
dynamic thermochemical process [22], and economical
production of powders was achieved. The dynamic ther-
mochemical method is a very economical and energy-
saving method because it produces the product in a short
time (1 h). In addition, this process has been found to be
a very good method for the production of powder with
good properties and fine grain size in addition to other
advantages.

IV. Conclusions

In this study, fine grained ZrN powders were success-
fully synthesized by a dynamic thermochemical process
using ZrO2 and carbon black mixed in a stoichiomet-
ric ratio. The optimum temperature and time for the
full conversion of ZrO2 to ZrN were determined to be
1500 °C and 1 h. The best result was obtained at a reac-
tor rotation speed of 4 rpm. Thus, ZrN powder having a
grain size of about 100–400 nm was produced. The pro-
duced powders have a homogeneous morphology with
equiaxed very small grains compared with commercial
ZrN powder.
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TÜBİTAK for financial support provided throughout
the project (Nu. 115M562). The authors would like
to thank the Sakarya University Scientific Research
Council (SAU-BAP). Thanks to Prof. Dr. Ali Osman
Kurt for his help.

308



B. Özdemir & N. Canikoglu / Processing and Application of Ceramics 16 [4] (2022) 303–309

References

1. J.H. Chau, C. Kao, “Microwave plasma synthesis of TiN
and ZrN nanopowders”, Mater. Lett., 61 (2007) 1583–
1587.

2. P.M. Samim, A. Fattah-Alhosseini, H. Elmkhah, O. Iman-
talab, “Structure and corrosion behavior of ZrN/CrN nano-
multilayer coating deposited on AISI 304 stainless steel
by CAE-PVD technique”, J. Asian Ceram. Soc., 8 (2020)
460–469.

3. H.O. Pierson, Handbook of Refractory Carbides and Ni-
trides, Properties, Characteristics, Processing and Appli-
cations, Noyes Publications, New Jersey, 1996.

4. L. Yin, M.I. Jones, “Synthesis of ZrN powders by
aluminum-reduction nitridation of ZrO2 powders with
CaCO3 additive”, Ceram. Int., 43 (2017) 3183–3189.

5. E.J. Cheng, H. Katsui, T. Goto, “Microstructure of ZrB2-
ZrN directionally solidified eutectic composite by arc-
melting”, J. Asian Ceram. Soc., 6 (2018) 102–107.

6. B. Fu, L. Gao, “Synthesis of nanocrystalline zirconium ni-
tride powders by reduction–nitridation of zirconium ox-
ide”, J. Am. Ceram. Soc., 87 (2004) 696–698.

7. R.W. Harrison, W.E. Lee, “Processing and properties of
ZrC, ZrN and ZrCN ceramics: a review”, Adv. Appl. Ce-
ram., 115 (2016) 294–307.

8. X. Wu, G. Liu, J. Li, Z. Yang, J. Li, “Combustion synthe-
sis of ZrN and AlN using Si3N4 and BN as solid nitrogen
sources”, Ceram. Inter., 44 (2018) 11914–11917.

9. M. Streit, F. Ingold, “Nitrides as a nuclear fuel option”, J.
Eur. Ceram. Soc., 25 (2005) 2687–2692.

10. G. Liu, Q. Wang, J. Li, Y. Chen, B. He, “Preparation
of Al2O3-ZrO2-SiO2 ceramic composites by high-gravity
combustion synthesis”, Int. J. Refract. Hard Met., 41

(2013) 622–626.
11. R.A. Shishkin, E.S. Maiorova, “Microwave vs autoclave

synthesis of nanodisperse ZrN powder”, Glass Ceram., 74

(2017) 123–125.
12. Y. Chen, C. Deng, C. Yu, J. Ding, H. Zhu, “Molten-salt ni-

tridation synthesis of cubic ZrN nano powders at low tem-
perature via magnesium thermal reduction”, Ceram. Inter.,
44 (2018) 8710–8715.

13. Y. Sun, B. Yao, Q. He, F. Su, H.Z. Wang, “Synthesis
and formation mechanism of cubic ZrN nanopowders by

mechanochemical reaction of ZrCl4 and Li3N”, J. Alloys
Compd., 479 (2009) 599–602.

14. Y. Gu, F. Guo, Y. Qian, H. Zheng, Z. Yang, “A benzene-
thermal synthesis of powdered cubic zirconium nitride”,
Mater. Lett., 57 (2003) 1679–1682.

15. V.V. Zakorzhevskii, V.É. Loryan, I.P. Borovinskaya,
A.V. Kirillov, S.N. Sannikova, “Self-propagatıng high-
temperature synthesis, of zirconium nitride from the ele-
ments”, Refract. Ind. Ceram., 57 (2017) 513–515.

16. N. Karakus, A.O. Kurt, C. Duran, C. Öztürk, H.Ö. Toplan,
“Sintering behaviour of silicon nitride powders produced
by carbothermal reduction and nitridation”, Adv. Powder
Technol., 24 (2013) 697–702.

17. F. Li, F. Fu, L. Lu, H. Zhang, S. Zhang, “Preparation
and artificial neural networks analysis of ultrafine b-Sialon
powders by microwave-assisted carbothermal reduction
nitridation of sol-gel derived powder precursors”, Adv.
Powder Technol., 26 (2015) 1417–1422.

18. G.H.M. Hernandez, B.J.C. Escobedo, R.J.M. Almanza,
A.R. Munoz, V.A. Flores, A. Dora, H. Cortes, “β-
Si3Al3O3N5 synthesis by carbothermal nitridation at low
temperature using cenospheres”, Arch. Metal. Mater., 54

[2] (2009) 467–474.
19. D.T. Mylinh, D.H. Yoon, C.Y. Kim, “Aluminum nitride

formation from aluminum oxide/phenol resin solid-gel
mixture by carbothermal reduction nitridation method”,
Arch. Metal. Mater., 60 [2] (2015) 1551–1555.

20. Ö. Balcı, D. Agaogulları, D. Ovalı, M.L. Öveçoglu, I. Du-
man, “In situ synthesis of NbB2–NbC composite powders
by milling-assisted carbothermal reduction of oxide raw
materials”, Adv. Powder Technol., 26 (2015) 1200–1209.

21. J.Y. Li, Y. Sun, Y. Tan, F.M. Xu, X.L. Shi, N. Ren, “Zir-
conium nitride (ZrN) fibers prepared by carbothermal re-
duction and nitridation of electrospun PVP/zirconium oxy-
chloride composite fibers”, Chem. Eng. J., 144 (2008)
149–152.
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